Developing novel lanthanide metal-organic frameworks (Ln-MOFs) to rapidly and reliably differentiate both metal ions in solution and volatile organic compounds (VOCs) in vapor is highly challenging. Here, we describe versatile Eu 3+ /Tb 3+ -MOFs based on a flexible ligand. It is noteworthy that the film fabricated using bimetallic Eu 0.47 Tb 0.63 -MOF and polyvinyl alcohol could serve as an easy and convenient luminescent platform for distinguishing different metal ions and VOCs. The luminescent film exhibits notable fingerprint correlation between the metal ions/VOCs and the emission intensity ratio of Eu 3+ /Tb 3+ ions in Ln-MOFs. As a result, the bimetallic Ln-MOFs show fast recognition of Fe 3+ ion with a response time of <10 s, and can effectively probe styrene vapor within 4 min. Since the developed Ln-MOF film is stable and reliable, this work presents a promising strategy to explore luminescent platforms capable of effectively sensing different metal ions and VOCs.
T he detection of different metal ions has received great attention due to the increasing content of metal ions in soil and wastewater, which is relevant for environmental and industrial monitoring, human health, food safety, etc [1] [2] [3] [4] . Unlike organic contaminants, metal ions cannot be easily biodegraded. More seriously, many heavy metal ions are known to be toxic or carcinogenic [5] [6] [7] [8] . Therefore, it is important to develop efficient and economical approaches to sense and distinguish different metal ions. It is well known that iron is ubiquitous in our living environment, and Fe 3+ cation has extensive applications including playing an important role in biological systems. However, concentrations of Fe 3+ ions over or below the normal level can seriously affect human health [9] [10] [11] [12] . In the past few years, various kinds of analytical methods have been explored for the detection of different metal ions. As compared with other detection approaches, fluorescent sensors possess many advantages, such as high sensitivity, good reliability, and real-time detection [13] [14] [15] [16] [17] . While some fluorescent metal-organic frameworks (MOFs) showed a promising potential in probing metal ions [18] [19] [20] [21] [22] , MOF-based fluorescent platforms for effective and easy detection of different metal ions in aqueous solution have not been well investigated so far.
On the other hand, volatile organic compounds (VOCs) are toxic and harmful substances that are widely present in indoor and outdoor air. These are mainly derived from the emissions of chemical industries, automobile exhausts, building blocks, etc 23, 24 . Therefore, an effective probe of VOCs is another important task for both environment protection and human health. While some porous materials exhibit promising results in sensing VOCs in solution, fluorescence sensing of trace VOCs in vapor is still challenging on account of their low vapor pressure at room temperature 25, 26 . Styrene is a common VOC that is widely used as a precursor for the synthesis of rubber, plastic products, resins, and polyester in synthetic industries [27] [28] [29] . As potentially carcinogenic species, styrene vapor can cause harm, such as the irritation of skin, eyes, and respiratory system [30] [31] [32] . Among all styrene vapor detection methods reported to date, gas chromatography, surface acoustic wave, and mass spectrometry are most commonly used 33, 34 . However, these techniques are expensive, complicated, bulky, and unportable. Thus, a portable and easy to operate technology is needed. Fluorescence sensing has attracted much attention due to its high sensitivity, low cost, portability, etc. However, fluorescent sensing of styrene with high sensitivity and easy operation has not been well explored so far.
As a promising class of porous materials, lanthanide MOFs (Ln-MOFs) have attracted wide interest for their luminescent properties derived from essential features of lanthanide elements [35] [36] [37] [38] [39] [40] . The introduction of suitable organic chromophoric ligands into Ln-MOFs may enhance their light absorption ability to increase the fluorescent emission of Ln 3+ ions by the so-called "antennae effect" 41 . Therefore, sensing metal ions/VOCs can be realized by tuning the energy transfer efficiency from "antennae" to Ln 3+ ions through host-guest interactions. A few luminescent Ln-MOFs with optical properties that are responsive to the guest molecules have been developed [42] [43] [44] . However, their luminescent signals only respond to specific molecules. Increasing the capability of distinguishing multiple metal ions or organic molecules by luminescent bimetallic Ln-MOFs has not been well investigated.
In this work, we report a series of versatile bimetallic LnMOFs, i.e., [Ln·(CTP-COOH)(H 2 O) 3 ] (Ln-CTP-COOH, Ln = Eu 3+ and Tb 3+ ), constructed from a flexible ligand hexa-(4-carboxyl-phenoxy)-cyclotriphosphazene (CTP-COOH). These differ from prior literature studies 26, 45 , since the characteristic emission intensity of Eu 3+ (616 nm) and Tb 3+ (547 nm) ions in bimetallic Eu 0. 47 Tb 0.63 -CTP-COOH highly depends on various guests (metal ions and VOCs). Polyvinyl alcohol (PVA) films containing bimetallic Eu 0. 47 Tb 0.63 -CTP-COOH are fabricated to serve as a convenient platform for selective recognition of different metal ions in aqueous solution and VOCs in vapor. It is notable that the host-guest interactions not only tune the energy transfer efficiency from organic ligand "antenna" to Ln 3+ ions, but also are able to modulate the energy assignation between Tb 3 + and Eu 3+ (Tb 3+ → Eu 3+ ) in the Ln-MOFs. The luminescent properties of the Ln-MOFs highly depend on the guest metal ions and VOCs. Therefore, excellent Ln-MOF materials can effectively sense different metal ions and VOCs through two-dimensional (2D) readouts by combining different ratiometric emission intensity of Eu 3+ and Tb 3+ ions. As compared with conventional single Ln 3+ emission intensity-based methods for chemical sensing, the present dual-readout orthogonal identification scheme is expected to be more reliable, accurate, and powerful. More importantly, the Ln-MOFs could achieve recognition of Fe 3+ ion in aqueous solution with a response time of <10 s and 60% fluorescence quenching, and recognize styrene in vapor within 4 min and 97% quenching efficiency.
Results
Synthesis and structure description. The organic ligand CTP-COOH was prepared in a high yield (94%) using phosphonitrilic chloride trimer and methyl 4-hydroxybenzoate as starting materials ( Supplementary Fig. 1 ), and characterized ( Supplementary  Figs. 2-6 ) by Fourier transform infrared (FT-IR) spectroscopy, 1 H/ 13 C nuclear magnetic resonance (NMR) spectroscopy, and electrospray ionization mass spectrometry (ESI-MS). Colorless crystals of Ln-CTP-COOH (Ln = Eu and Tb) were successfully synthesized by the solvothermal reaction of ligand CTP-COOH with lanthanide chloride in a mixed solvent of cyclohexanol and deionized water (v/v = 1:1) heated at 100°C for 5 days. Due to similar coordination behavior of different lanthanide ions, different kinds of Ln 3+ ions could be introduced into Ln-MOF simultaneously with Ln 3+ ions distributed randomly over the metal sites. Therefore, seven bimetallic Ln-MOFs, i.e., Eu x Tb 1-x -CTP-COOH (x = 0.84, 0.69, 0.47, 0.38, 0.19, 0.12, and 0.06), were prepared by using mixed lanthanide chloride according to abovementioned method. The contents of Eu 3+ and Tb 3+ ions in desired MOFs were determined by inductively coupled plasma mass spectrometry (ICP-MS) and energy-dispersive X-ray (EDX) spectroscopy (Supplementary Table 1 and Supplementary Figs. 7  and 8 ). The structures of all Ln-MOFs are isostructural to each other, as confirmed by single-crystal X-ray diffraction (Fig. 1 and  Supplementary Tables 2 and 3 ) and FT-IR ( Supplementary  Fig. 2 ). The morphology of all Ln-MOFs was studied by field emission scanning electron microscopy ( Supplementary Fig. 9 ). The Ln-MOFs were also characterized by powder X-ray diffraction (XRD) (Supplementary Fig. 10a ), and thermogravimetric analysis (TGA, Supplementary Fig. 10b ). More importantly, powder XRD curves ( Supplementary Fig. 11 ) and quantum yields (Φ, Supplementary Table 5 ) of all post-heating Ln-MOFs (150°C for 10 h) did not show obvious changes as compared with that of pre-heating Ln-MOFs, demonstrating that the structures of all Ln-MOFs in this work were relatively stable. See Supplementary Discussion for further details.
By taking Eu-CTP-COOH as a representative system, Eu-CTP-COOH crystallizes in triclinic space group P-1. The asymmetric unit contains two crystallographic Eu 3+ ions (Eu1 and Eu2), one independent hexa-carboxylate anion CTP-COO 6− , and five coordinated aqua molecules (Fig. 1a) . The Eu1 ion is noncoordinated by nine oxygen atoms: seven from four different CTP-COO 6− ligands, and two from coordinated water molecules, representing a tri-capped triangular prismatic geometry (Fig. 1b) .
The Eu2 ion is coordinated by eight oxygen atoms: five from three different COO 6− ligands, and three from coordinated water molecules. The local coordination geometry of the Eu2 ion is bicapped triangular prismatic (Fig. 1b) generate a three-dimensional framework (Fig. 1c) . In the crystal structure of Eu-CTP-COOH, the central P 3 N 3 ring is nearly planar, the average P-N distance is 1.584 Å, and the average N-P-N and P-N-P angles are 116.38 o and 120.98 o , respectively. These values are very similar to those of previously reported phosphonitrilic chloride trimer derivatives 47, 48 .
Photophysical properties. In powder, film, or THF solution, all Ln-MOFs exhibited characteristic emission with sharp and wellseparated emission bands (Fig. 2) . The photophysical data of all Ln-MOFs were shown in Supplementary Figs Fig. 23d ).
Metal ion decoding in aqueous solution. It is understood that single emission intensity of luminescent materials varies on many uncontrollable factors, such as the preparation process of materials, instrument parameters, and concentration of probes 23, 49, 50 . Therefore, the sensing of cations/anions/small molecules through relative emission intensity of luminescent materials is more reliable and accurate than the method using single emission intensity. Because the emission intensity of Eu 3+ and Tb 3+ ions in the fluorescent spectrum of Eu 0.47 Tb 0.53 − CTP-COOH excited at 280 nm was comparable, we chose Eu 0.47 Tb 0.53 − CTP-COOH as a phosphor to study the sensing properties for different metal ions in aqueous solution. In order to develop a sensor that could be easily reused, a film sensor (Eu 0.47 Tb 0.53 -CTP-COOH PVA film) was successfully fabricated through doping Eu 0.47 Tb 0.53 -CTP-COOH into PVA, followed by coating them on the surface of polyethylene glycol terephthalate sheet. As compared with conventional powder sensors based on Ln-MOFs as phosphors 11, 23, 50 , the film sensor in this work did not need complicated and time-consuming centrifugal treatment during the cycle experiments. As shown in Fig. 3a , the emission spectra exhibit obvious metal ion-dependent effect: various metal ions induce markedly different effects on the luminescence of Eu 0. 47 (Fig. 3c) . The luminescent colors of the test film samples changed from light red to gray when soaked in different concentrations of FeCl 3 aqueous solution. To the naked eye, we can easily distinguish different colors in different Fe 3+ ion concentrations. Furthermore, the response rate of emission intensity at 547 and 616 nm were also studied. As shown in Fig. 4c , the time-dependent emission intensity of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film at 547 and at 616 nm was rapidly reduced as soon as 1 × 10 −4 M of Fe 3+ aqueous solution was incorporated, and 60% fluorescence quenching at 547 nm was observed within 10 s and 69% fluorescence quenching at 616 nm within 25 s. These results implied that the response of this film sensor for Fe 3+ ion is much quicker than that some reported MOFs for Fe 3+ ion sensing, which could range from minutes to hour 51, 52 . In order to utilize the Ln-MOFs practically, competition experiments were carried out to evaluate the selective ability of Eu 0.47 Tb 0.53 -CTP-COOH PVA film for the recognition of Fe 3+ ion through recording its emission intensity in the presence of one, five, ten, or more interference metal ions. As shown in Fig. 4a, b , in the presence of one, five, ten, or more interference metal ions, the Eu 0.47 Tb 0.53 -CTP-COOH PVA film still showed excellent recognition and sensing properties for Fe 3+ in aqueous solution.
To further assess the quenching ability of Fe 3+ ion in aqueous solution, the quenching constant (K SV ) was calculated using the Stern-Volmer (SV) equation: I 0 /I = 1 + K SV [C] . The I 0 and I are the luminescent intensity at 547 nm in the absence and presence of Fe 3+ ions, and [C] is the concentration of Fe 3+ ion. The SternVolmer plot for the Fe 3+ ion showed a good linear correlation, and the value of K SV was estimated to be 8.55 × 10 4 M −1 , revealing a strong quenching effect on the luminescence of Eu 0.47 Tb 0.53 -CTP-COOH PVA film (Fig. 3d) 53 . In addition, the limitation of detection (LOD) of the film sensor for Fe 3+ is 3.86 μM (Supplementary Fig. 25 ). According to the reported results, the LOD of many MOFs for the Fe 3+ ion ranges from 10 −3 to 10 −6 M, meaning that the present film sensor possesses highly sensitive properties for the Fe 3+ ion in aqueous solution 54 . To examine the recyclability of the film for the Fe 3+ ion sensing, the film sample was washed with deionized water for 3-5 times after the Fe 3+ detection, and then the luminescent intensity was recorded again (Supplementary Fig. 26 ). The characteristic emission of Eu 3+ and Tb 3+ ions can be effectively recovered. Although the emission intensity gradually reduced upon the recycling, the Eu 0.47 Tb 0.53 -CTP-COOH PVA film can still be used for more than ten times. Facile reusability of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film could be further certified by powder XRD patterns of the film sensor that was incorporated with Fe 3+ and washed with water (Fig. 4d) . In addition, the common anion NO 3 − exhibited a slight effect on the Fe 3+ detection (Supplementary Figs. 27 and 28 Recognition mechanism of Fe 3+ ion. The underlying mechanism of luminescent quenching by Fe 3+ ion might be due to following three aspects. The first, the powder XRD pattern of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film after incorporating Fe 3+ ion was consistent with that of the as-prepared sample, and thus the collapse of the framework structure could be ruled out (Fig. 4d) . The second, very fast response time and recoverable ability indicate that the luminescent quenching cannot be ascribed to the cations exchange, which were further confirmed by the powder XRD ( Supplementary Fig. 31 ). The powder XRD peaks of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film incorporated with different metal ions have no obvious changes as compared with the original one, indicating that the framework of the Ln-MOFs was not changed during the sensing process. The last, the competitive energy absorption between Fe 3+ ion and organic ligand CTP-COOH was another possible reason for this phenomenon 55, 56 . There might be a competitive energy absorption process between ligand CTP-COOH and Fe 3+ ion in aqueous solution when the excitation spectra between the donor and receptor have a certain degree of overlap. Thus, the UV-visible (Vis) spectra of Fe 3+ ion and other tested metal ions were examined, and the corresponding spectra are shown in Supplementary Fig. 32 . The obvious spectral overlap between the absorption spectrum of Fe 3 + ion and the excitation spectrum of Eu 0.47 Tb 0.53 -CTP-COOH was observed, suggesting that the excited energy can be effectively absorbed by Fe 3+ ion to decrease the energy transfer efficiency from ligand CTP-COOH to the Eu 3+ /Tb 3+ ions for the luminescent quenching 57 . The UV-Vis spectra of other metal ions in aqueous solution showed only slight overlap with the excitation spectrum of Eu 0.47 Tb 0.53 -CTP-COOH. Moreover, the fluorescence lifetime of Eu 0.47 Tb 0.53 -CTP-COOH before and after the addition of Fe 3+ ion presented no obvious change, demonstrating that the luminescent quenching process belongs to a static mechanism, and there is no energy transfer within the Eu 0.47 Tb 0.53 -CTP-COOH-Fe 3+ system (Supplementary Fig. 33 ). 3+ ion is almost constant, and unique for each VOC guest in the luminescent spectrum of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film. Such characteristic relationship between VOCs and the film sensor could be used to draw an emission-fingerprint map of VOCs based on the ratio of I 616 /I 592 as x-axis and the ratio of I 547 /I 491 as y-axis (Fig. 5c ). This internal reference strategy is an excellent approach to solve the problem of variable emission intensity encountered when detecting VOCs by a single emissive transition. As shown in Fig. 5c , even for those VOCs having very similar structural motifs such as isomers of o-xylene, m-xylene, and p-xylene, as well as homologs of benzene, toluene, and ethylbenzene, they could still be unambiguously distinguishable.
VOC decoding in vapor.
Styrene sensing in vapor. As a potential human carcinogen, styrene vapor may be harmful to skin, eyes, and respiratory system. At high levels (10,000 ppm) of styrene vapor, rats and pigs become comatose after several minutes, even died after 30 to 60 min of exposure 58 . Therefore, it is necessary to develop convenient and reliable sensors for the styrene detection. However, fluorescent sensors for styrene have not been fully developed until now.
The obtained results indicate that the Eu 0.47 Tb 0.53 -CTP-COOH PVA film is a promising candidate for the styrene detection. Supplementary Movies 1 and 2 show that yellow emission of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film under UV 254 nm became faded gradually until completely disappeared in the styrene environment. As shown in Fig. 6a , time-dependent emission spectra of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film in styrene vapor (ca. 5 μL) show remarkable quenching effect, i.e., >50% and 47% fluorescent quenching at 547 nm for Tb 3+ ion and at 616 nm for Eu 3+ ion within 1 min, respectively. When the response time was up to 4 min, the characteristic emission of Eu 3+ and Tb 3+ ions were almost completely quenched. Furthermore, timedependent fluorescent decay curves of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film at 547 and 616 nm upon the addition of styrene (ca. 5 μL) can be well fitted using single exponential functions (Fig. 6c, d (Fig. 6e-j) . For instance, the K obs and t 1/2 values of the sensor in nitrobenzene vapor environment are 0.0026 s −1 and 266.29 s, respectively. But, higher K obs (0.0219 s −1 ) and shorter t 1/2 (31.81 s) were observed in the mixture environment of nitrobenzene and styrene vapors. Under more interference VOCs (nitrobenzene, toluene, ethylbenzene, and 1,2-dichlorobenzene), when inducing styrene into the sensing system, the value of K obs increased from 0.0018 to 0.0672 s −1 , i.e., 37 times of enhancement. The repeatability for a sensory material is a crucial parameter to assess the sensor practicability. After the detection of styrene, the sample of Eu 0.47 Tb 0.53 -CTP-COOH PVA film@styrene could be recovered by simply heating at 100°C for 3 h. The powder XRD pattern (Supplementary Fig. 37 ) of the recovered Eu 0.47 Tb 0.53 -CTP-COOH PVA film matched well with the asprepared Eu 0.47 Tb 0.53 -CTP-COOH PVA film. As shown in Fig. 6b , the characteristic emission intensity at 547 nm after ten cycles remained unchanged, and its powder XRD pattern still matched well with the as-prepared one ( Supplementary Fig. 37 ), confirming its good stability and reusability.
Sensing mechanism of styrene. The mechanism for the detection of styrene by the Eu 0.47 Tb 0.53 -CTP-COOH PVA film was further investigated in detail. In this study, there are three reasons that can cause the fluorescence quenching of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film in the presence of styrene vapor: (1) styrene induced framework collapse of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film, (2) direct interaction of styrene with the emission centers of Ln 3+ , and (3) styrene interaction with the ligand of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film. As shown in Supplementary  Figs. 38 and 39 , the film sensor treated by styrene presents very similar powder XRD pattern to the original film sensor, indicating that the framework remains intact in the presence of styrene. Furthermore, styrene has no available functional groups to coordinate with Ln 3+ , and thus has no direct interaction with Ln 3 + . Therefore, the luminescence quenching of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film under styrene is most likely due to the interaction between styrene and CTP-COOH ligand. The luminescence quenching is typically attributed to photoinduced electron transfer (PET), Förster resonance energy transfer (FRET), or Dexter electron transfer (ET) mechanism 59, 60 . In general, the main driving force for PET is the energy gap between the lowest unoccupied molecular orbitals (LUMO) of donor and acceptor, and the donor should have higher energy level of LUMO than that of acceptor if PET is the luminescence quenching mechanism. 59, 61, 62 However, as calculated by the density functional theory (DFT) at the B3LYP/6-31 G* level (Fig. 7a) Figs. 39 and 40 ), suggesting that the most possible quenching mechanism of styrene should be attributed to the Dexter-ET from triplet level (T 1 ) of ligand CTP-COOH to the triplet of styrene 63 . In this work, bright yellow emission of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film is based on the ligand-to-metal energy transfer (LMET) process: the ligand strongly absorbs UV light, and then transfers the absorbed energy to 5 (Fig. 7) . In the presence of styrene, since the calculated triplet energy level (T 1 ) of styrene lies between triplet T 1 of ligand CTP-COOH and 5 D 0 level of Eu 3+ , the ligand CTP-COOH and styrene compete with the LMET process through suppressing or blocking the energy transfer from the ligand to Ln 3+ ions. As a result, the emission of the Eu 0.47 Tb 0.53 -CTP-COOH PVA film is restricted or quenched, and thus styrene is successfully detected (Fig. 7b, c) .
Discussion
In summary, we have developed a new strategy using bimetallic Eu 3+ /Tb 3+ MOFs as self-calibrating luminescent sensors for distinguishing different metal ions in aqueous solution and VOCs in vapor. The bimetallic Ln-MOFs serve as a luminescent platform owing to excellent fingerprint correlation between metal ions/VOCs and characteristic emission intensity ratios of I 547 /I 491 for Tb 3+ ion and I 616 /I 592 for Eu 3+ ion. We have successfully demonstrated the first decoded map that can effectively and reliably distinguish different metal ions in aqueous solution based on the emission intensity ratios of I 616 /I 592 for Eu 3+ ion as the xaxis and I 547 I 491 for Tb 3+ ion as the y-axis. According to this decoded map, different metal ions in aqueous solution could be easily recognized. Based on a similar principle, a decoded map for sensing different VOCs in vapor has also been established. Such versatile bimetallic Ln-MOF sensor exhibits high sensitivity and selectivity for Fe 3+ ion in aqueous solution and styrene in vapor. The capability to unambiguously recognize metal ions/VOCs makes bimetallic Ln-MOFs a promising luminescent platform with potentially valuable applications.
Methods
Materials and methods. All reagents and chemicals were purchased commercially (Sigma-Aldrich and Alfa) and used without further purifications unless otherwise specified. FT-IR spectra were carried out using a Nicolet Is-10 (Nicolet) Fourier Transform Infrared Spectrometer. TGA was made with TA Q50 at a heating rate of 15°C/min under N 2 atmosphere and over a temperature range from room temperature to 800°C. All the ESI-MS spectra were recorded in LCQ DECA XP mass spectrometer. NMR spectra were taken on a DRX-400 MHz (Bruker) superconducting-magnet NMR spectrometer with TMS as an internal standard. UV-Vis absorption spectrum was determined on a Shimadzu UV-3600 UV-Vis-NIR spectrophotometer. The photoluminescence measurements in the solid state and THF solution were conducted in a Shimadzu RF-5301PC fluorescence spectrophotometer. Fluorescent lifetimes were obtained with the FLS980 steady state spectrometer with a pulsed xenon lamp. ICP-MS data were obtained on an ICP-9000 (N + M) inductively coupled plasma emission spectrometer. Scanning electron microscope images were performed on a JSM-6700F (JEOL) equipped with an energy-dispersive X-ray spectroscopy (EDS) instrument. Powder XRD measurements were recorded on a Rigaku D/Max-2500 X-ray diffractometer using Cu Kα radiation with 2θ range of 2-50°, 40 KeV, and 30 mA having a scanning rate of 0.01°s −1 (2θ) at room temperature.
Synthesis of methyl 4-hydroxybenzoate. 4-Hydroxy benzoic acid (35 mmol, 5.3 g) and MeOH (80 mL) were taken in a 150 mL round-bottom flask fitted with a reflux condenser. Concentrated sulfuric acid (2.5 mL) was added as a catalyst and the contents were refluxed for 12 h. The reaction mixture was cooled and excess MeOH was removed using a rotary evaporator. The residue obtained was dissolved in chloroform and washed thoroughly with 10% sodium bicarbonate solution. The organic layer was dried over anhydrous MgSO 4 and concentrated to give the product in 95% yield. 1 Synthesis of hexa-(4-carbomethoxy-phenoxy)-cyclotriphosphazene (CTP-COOCH 3 ). Potassium carbonate (11.38 g, 0.082 mol) and methyl 4-hydroxybenzoate (6.54 g, 0.043 mol) were added into a 250 mL round-bottom flask, and then methyl 4-hydroxybenzoate was dissolved by dry THF (120 mL). The mixture solution was heated to 70°C under the N 2 , and P 3 N 3 Cl 6 (2.49 g, 0.007 mol) was added. The mixture was stirred at this temperature overnight. The solvent was removed by evaporation under a reduced pressure, and the obtained solid was redissolved in dichloromethane (70 mL). The organic phase was washed with deionized water and then dried over anhydrous MgSO 4 . Dichloromethane was removed by evaporation under a reduced pressure, the white powder was heated at 60°C by vacuum oven overnight, and the desired product was obtained (6.1 g, yield 83.7%). 1 Synthesis of ligand hexa-(4-carboxyl-phenoxy)-cyclotriphosphazene (CTP-COOH). Sodium hydroxide (1.8 g, 45 mmol) was dissolved in deionized water (80 mL), CTP-COOCH 3 (5 g, 4.8 mmol) was dissolved by THF (100 mL), and two solutions were mixed. The mixture was stirred for 1.5 h at 70°C. After the reaction, THF was removed by rotatory evaporator, and the residual solution was poured into deionized water (300 mL) with dilute hydrochloric acid acidified to pH ca. 2-3. The product as a precipitate was obtained after stirring. The precipitate was collected by filtration, washed with deionized water and dried at 60°C overnight by vacuum oven. The desired ligand CTP-COOH was obtained as white powder ( 3 . According to the pre-designed ratio, Eu x Tb y Cl 3 •H 2 O (x + y = 0.5 mmol) and ligand (0.5 mmol) were placed in a 50 mL vial. Deionized water (6 mL) and NaOH solution (0.5 mL, 2 M) were added, and the mixture was stirred at room temperature. After 10 min, warm cyclohexanol (7 mL) was added and the biphasic mixture was stirred for 15 min. The vial was heated to 100°C and kept at this temperature for 5 days. The colorless crystal was obtained after washing several times with ethanol. The Eu 3+ /Tb 3+ ratio in reaction as well as the lanthanide concentration in the final product is listed in Supplementary Table 1 .
Preparation of luminescent platform. The luminescent platform Eu 0.47 Tb 0.53 -CTP-COOH PVA film was prepared as follows. First, PVA (1 g, Mw 85,000-124,000, 99 + % hydrolyzed) was dissolved in deionized water (100 mL) at 85°C for 1.5 h to afford PVA solution (10 g/L). Next, the ground Eu 0.47 Tb 0.53 -CTP-COOH powder (10 mg) was dispersed in PVA solution (10 mL), and the sample was treated under ultrasonicaton for 0.5 h to achieve uniformly dispersed Eu 0.47 Tb 0.53 -CTP-COOH PVA suspension (Ln-MOF concentration: 1 mg/mL). Finally, dropping the Eu 0.47 Tb 0.53 -CTP-COOH PVA suspension onto the polyethylene glycol terephthalate sheet (1 × 2.5 cm) and drying at 60°C for 3 h afforded the desired luminescent platform.
X-ray crystal structure determination. Diffraction intensity data for single crystal of Ln-MOFs Eu-CTP-COOH (Supplementary Data 1) and Tb-CTP-COOH (Supplementary Data 2) were collected at 100 K on a Bruker Apex II CCD diffractometer equipped with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). Data processing was accomplished with the Bruker SAINT software package. Absorption corrections were applied using the Numerical Mu from Formula method (SADABS). The structure was solved by direct methods using SHELXS-97 program of the SHELXTL package and refined by using the full-matrix least squares method on F 2 with SHELXTL-97. Anisotropic displacement parameters were applied to all non-hydrogen atoms. Hydrogen atoms were located geometrically and were added to the structure factor calculation.
Quantum yield (Φ) measurements. The quantum yield (Φ) was determined by employing the method reported in literature 64 , and Φ of a given material could be calculated by a direct comparison with standard phosphors having known Φ values. The quantum yield could be calculated from the following equation:
where R ST and R x apply for these exciting radiation reflected by the standard and the sample, respectively, and Φ ST is the quantum yield of the standard phosphor. The I ST and I x terms correspond to the integrated photon flux (photon s −1 ) for the sample and standard phosphors. Sodium salicylate was chosen as the standard and the Φ ST reported is 55% at room temperature 65 .
Metal ion decoding and Fe 3+ ion sensing in aqueous solution. 47 Tb 0.53 -CTP-COOH PVA film was immersed in deionized water in a quartz cell (2 mL). Then, the Fe 3+ aqueous solution was gradually added by a micro syringe, and luminescent spectra were recorded after 3 min equilibration.
VOC decoding and styrene probing in vapors. Decoding VOCs: A home-made set-up was fabricated by placing a Eu 0.47 Tb 0.53 -CTP-COOH PVA film into the cell, followed by adding one drop (5 μL) of VOCs (styrene, nitrobenzene, o-xylene, mxylene, p-xylene, benzene, toluene, ethylbenzene, chlorobenzene, 1,2-dichlorobenzene, nitromethane, 1,4-dioxane, acetonitrile, acetone, DMF, MeOH, ethanol, THF, formaldehyde, and acetaldehyde) into the cell. The cell was then capped to form a hermetic environment, and then luminescent response of Eu 0.47 Tb 0.53 -CTP-COOH PVA film towards VOCs was recorded after 5 min.
Probing for styrene in vapors: The luminescent platform Eu 0.47 Tb 0.53 -CTP-COOH PVA film was fixed into the cell, followed by adding one droplet styrene (2 μL OR 5 μL) into the cell. The cell was then capped, and time-dependent luminescent spectra were recorded.
Data availability. The data that support this study are available from the authors on reasonable request. See author contributions for specific data sets. The X-ray crystallographic data for the structures reported in this article have been deposited at the Cambridge Crystallographic Data Center (CCDC) under deposition numbers CCDC 1553768 and 1553769. These data can be obtained free of charge from The Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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